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FIELD This invention relates to a method and apparatus for cPQAARRYY,

solid surfaces, and nore particularly a nethod and apparatus of renoving
m cron or sub-mcron size particulates on solid surfaces with the use of
indirect laser irradiation. 10 BACKGROUND OF THE | NVENTI ON Laser cl eaning
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pubI§ sh]eéb ipJAl N number 2001/0011545 Al. In US 4,980, 536, snall

par t’ cl d fromthe solid surface like that of a silicon (Si)
mask by bonbardnment of high- powered | aser pulse. US 5,151, 135, teaches the
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uses a laser to Inp e surtface region. This second stage supplenents
theldfirst stage in the cleaning process by renoving left over residue. US

Pat ent d1d5REBNDAOS THE IRGYERFRSy @ system for cleaning 25 noul ds, by direct
| aser irfradiatton om The surface within the mould. US 0011545 Al relates to

the wuse of laser irradiation on surfaces of sem conductor vvafers or the
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provides two stages of cleaning solid surfaces, such as a mould for making glass articles. The

first stage combines the action of washing baths and ultrasound while the second stage uses a
laser to impact the surface region. This second stage supplements the first-stage in the cleaning
process by removing left over residue. US Patent Re 35,981 also discloses a system for cleaning

.‘25 moulds, by direct laser irradiation on the surface within the mould. US 0011545 A1 relates to the

" use of laser irradiation on surfaces of semiconductor wafers or the like, where the surface is
wetted with a liquid before irradiating the surface with laser with sufficient photon energy to
remove the liquid and the particles on the surface. US 6,291,796 B1, discloses an apparatus
using dry laser cleaning.

30 In related literature, “Laser-cleaning techniques for removal of surface particles” (pp.
3515-3523) J. Appl. Phys. 71(7), 1992 by A.C. Tam, W.P. Leung, W. Zapka and W. Ziemlich, the
action of dry laser cleaning and steam laser cleaning is disclosed. “Laser removal of particles
from magnetic head sliders” (pp499-504) J. Appl. Phys., 80(1), 1996 by Y.F. Lu, W.D. Song, M.H.
Hong, B.S. Teo, T.C. Chong and T.S. Low teaches the application of dry laser cleaning on

35  magnetic head sliders. “The modeling of excimer laser particle removal from hydrophilic silicon



26 January 2007 surfaces" (pp3618-3627) J. Appl. Phys., 87(8§),;.2000 X.
Wi, E. Sacher and M Meunier provides theoretical nodels in%ggg?aryﬁ%'i
cl eaning. Al the above-referenced prior art rely on pul sed | aser heating
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"t ot RS o R R, o Fhe ©iqui d when Tt 15 mounted on the.
stage. The stage can al so enable the surface to be imersed fully or
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: .25 apparatus for the method, which focus a laser beam at a point close to the surfaces to be

cleaned in a liquid medium.

In the first aspect of the present invention, an apparatus is provided, for cleaning a
surface. The apparatus has a laser beam source, an optical system for focusing a laser
beam from the laser beam source and a liquid in which the surface to be cleaned is

30 immersed. The optical system is arranged in the apparatus such that the laser beam is
focused at a point in the liquid, which is in close proximity to the surface to be cleaned but not
directly at the surface. The apparatus also has a stage for securing the surface such that the
surface can be immersed into the liquid and removed from the liquid when it is mounted on
the stage. The stage can aiso enable the surface to be immersed fully or partially in the liquid.

35  The stage can also move the surface horizontally in the liquid and the rate of movement of



35 The stage can al so nove the surface horizontally in the Izgga y: %b?e
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In another embodiment of the mventlo_n a gas blower is provided to blow stray liquid

20  spray towards the optical system and to dry the cleaned surface.

It is preferred that the apparatus has a container fo hold the liquid.
In a preferred embodiment, the liquid enables the easy of the cleaning in reducing the
adhesion of the particles to the substrate surface.
25 Preferably, the liquid in the container is pure water.
| Preferably, the tiquid is a mixture of water and various types of solvent.
The types of solvent can be alcohol, acetone, aromatics, ethers, ketones, alkanes,
halogenated hydrocarbons or commercial washing solution which helps to reduce adhesion
~ forces of particles on the surféce to be cieaned and enhance cleaning efficiency.
30
In a second aspect of the invention, a method for cleaning surfaces is provided, the
method includes securing a surface to be cleaned in a liquid; focusing a laser beam at a point
in the liquid to generate a laser-induced liquid jet and a shock wave; and positioning the point of
focus of the laser beam in close proximify to the surface to be cleaned such that the laser-

35 _ induced liquid jet and shock waves clean the surface.



nmet hod includes securing a surface to be cleaned in a Irqur d26fl§’t'r"
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and a shock wave; and positioning the point of focus of the |aser beam in
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i nduced liqyid cl ean the surface, 26 January 2007 In
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20 in another preferred embodiment, the securing of the surface to be cleaned in the
liquid is made possible by the use of a stage onto which the surface is secured. This enables
the surface to move within the liquid as well as into and out of the liquid. The surface can also

be immersed fully or partially in the liquid by the stage.

‘__25 In another preferred embodiment, the method includes a container for holding the
C liquid.

Preferably the liquid is pure water.

Preferably, the liquid is a mixture of water and various types of solvent.

The types of solvent includes alcohol, acetone, aromatics, esthers, ketones, alkanes,
30  halogenated hydrocarbons and commercial washing solutions which helps to reduce

adhesion forces of particles on the surface to be cleaned and enhance cleaning efficiency.

It will be appreciated that the method of the present invention is different from dry and
steam laser cleaning disclosed in the prior art as discussed in the above paragraphs. As a

35  high power laser beam is focused into liquid, it creates a lot of bubbles there. When a solid
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can be avol ded rresent 1 nventlon Fesent’ 1THVent I On,
surlﬁacélwmg@"dl@ea\fp@edWﬁ!rthﬁaﬂ’feeﬁfrﬁe'nfﬁeﬂqmduced by laser irradiation

directly onto solid surface in prior laser cleaning nethods can be av0|ded
and cont 3ith#e Rreaeyy davestion, thmpurface slamagg dwedathermebaffents ingdheed binlased i d
sur f acqgadiamnbarelly entd gaidysurra@m%gA%sleﬁ%@@nm C#H&ﬁsldé lch“b@ mﬁdea%oﬁ hock
wave. 15 BRI EF DESCRI PTI ON OF THE et al | pr esent
i nvent iGRBMINANt,.PEFENRASHRS AN AFIINT eantanpiaants op galig %4"'136% ??@ b%l%f?é"r"{ebt i on
and aceempadtyhygsdiifnicad iquibpt ahdshd® wave. 1 is a schematic. view of the
apagr atus for the nethod according to an enbodi nent of the present

ntion; FIG 2a is a mcroscopic photo showing a Si substrate with 1m
gl ass EBRIEF OESCRIATION ObafHE BRAMSRGSC| eaning; FIG 2b is a microscopic
photo showi ng the sanme Si substrate after |aser cleaning by the 125
present invention using exciner |aser focusing into pure water with a
wavel engt h dﬁem&nitam thecpregaunk Beerdionatill becoote ZPpanat ay réfbrendé ente dsldwird0

pul ses,degé@“ogg &"%%RQ(&P%E Anl Ng,2 Si substrate with 51 nm

polyst par es on’l aser cl eani ng.
FIG. 1is a schematic view of the apparatus for the method according to an embodiment

of the present invention;
FIG. 2a is a microscopic photo showing a Si substrate with Tum glass particles on it
before laser cleaning;
FIG. 2b is a microscopic photo showing the same Si substrate after laser cleaning by the
.25 present invention using excimer laser focusing into pure water with a wavelength of 248 nm and
| pulse duration of 23 ns at 10.7J/cm® and 100 pulses;
FIG. 3a is a SEM photo showing a Si substrate with 51 nm polystyrene particles on it
before laser cleaning.
FIG. 3b is a SEM photo showing the same Si substrate after faser cleaning by present
30 invention using excimer laser beam focusing into mixture of water and ethanol with a wavelength
of 248 nm and pulse duration of 23 ns at 13.3 J/cm?® and 200 pulses.
FIG. 4ais a microscope photo showing a Si substrate with 1 um glass particles on it
before laser cleaning.
FIG. 4b is a microscope photo showing the same Si substrate after laser cleaning by

35  present invention using YAG laser beam focusing into pure water with a wavelength of 1064 nm
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present i nvdi®i %'%W@O@QQP pReto| -“é‘@éﬂm%mlﬁhﬁi‘f@@ wigh tint pargelee ondt afterli t h a
wavel epglibs Qliragd}ﬁccleéﬂqﬁ@d pul se duration of 23 ns at 10 J/cnR and 100
pul ses. FIG_8a is a mcroscog photo showing a Si substrate with 1 m gl ass
particles of!ft 7P 5t BGOSR P @Pé&ﬁwm thesemedh substeatepliprdaeasseasingty

shawi n@résent ﬁlﬁéf&loﬁlusﬁgfé&&:ﬁ@? Riséf Beim fcf&ﬁﬁﬁg ﬁ"t@ﬁuﬂ‘b%t@’htth@wﬂ&é{@m of Jgsent i on
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t
thanol“”?/\frfnqﬁp'ﬁs‘?/\g\'féi‘%’hg% rgfcal@lﬁg Q?IF?lnaé%dwﬁﬂ%”?@sdur ation of 23 ns at 5.7

J/cn2 and SEFIQUESRSa midréacBpé phatoBhaRthg 4 BUSIHsBhieNGitd h%n@{;!@@@bé\ﬂcl@é bhai ency
of the npthod of the present invention wth respect to the concentration

of et hBRBre [Ase0EPAIN9-FI G 10a is a microscope photo showing a Si substrate
with 1 m gl & gastd ficsscope bhoto showing the same Si substrate after laser cleaning by

20  present invention using excimer laser beam focusing into liquid with a mixture of water and
ethanol with a wavelength of 248 nm and pulse duration of 23 ns at 5.7 Jfem? and 50 pulses.
FIG @ is a graph illustrating the cleaning efficiency of the méthod of the present invention
with respect to the concentration of ethanol in water.
FIG. 10a is a microscope photo showing a Si substrate with 1 pm glass particles on it
.25  before laser cleaning.
| FIG. 10b is a microscope photo showing the same Si substrate after laser cleaning by
present invention using excimer laser beam focusing into liquid with a mixture of water and
commercial washing solution with a wavelength of 248 nm and pulse duration of 23 ns at 5.7
Jiem? and 50 pulses.
30 FIG 11 is a graph illustrating the cleaning efficiency of the method of the present
invention with respect to the concentration of washing solution ih water.
FIG 12 is a graph illustrating the cleaning efficiency of the method of the present
invention with respect to change in laser fluence.
FIG 13 is a graph iilustrating the cleaning efficiency of the method of the present

35  invention with respect to change in pulse number.,



25 before laser cleaning. FIG 10b is a m croscope photo shoyﬁggnth zﬁﬁye
Si substrate after |aser cleaning by present invention using Cl aser
beam focusing into liquid with a m xture of water and conmercial washing
solution with a wavel ength of 248 nm and pul se duration of 23 ns at 5.7
J/cn2 and 50 gulses 30_FIG 11 is a graph |Ilustrat|n8 t he cl eani ng
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|II strating the cleaning efficiency of the nethod of the present invention
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illustrating the cleaning efficiency of the nethod of the present invention
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the stray liquid spray away from the optical system 30. This will avoid liquid deposited on optical

component surface and at the same time dry the cleaned area of the substrate out of liquid 40.
A liquid mixture and filter recycle system 110 is used to filter particles in liquid 40 and pour new
clean mixture liguid into liquid container 50.
25 FIG. 2a and 2b illustrate a silicon (Si) substrate 200 before laser cleaning and a Si substrate
: 220 after laser cleaning according to one embodiment of the present invention. An excimer laser
is used to clean Si substrate immersed in a liquid, preferably pure water. In this embodiment, the
wavelength of the laser is about 248 nanometers (nm) and the pulse duration is about 23
nanoseconds (ns). The laser fluence is about 10.7 J/em® and pulse number is about 100. The
30  laser beam is focused at a point in the water and this point of focus is about 2 millimeters (mm)
away from the Si substrate. At original area 200, glass particles of the size in 1 micrometer {pm)
in diameter can be observed on Si substrate in FIG. 2a. After faser cleaning according to the
present invention, the glass particles on Si substrate have been removed from the substrate 220
as shown in FIG. 2b.
35 F1G. 3a and 3b illustrate a Si substrate 240 before laser cleaning and a Si substrate 260
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new clean mxture liquid into Iiquid container 50. 25 FIG 2a and 2b
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present invention, the particles on the slider surface have been removed from the slider 340 as
25 shownin FIG.. 5b. Therefore, the present invention can be used to remove contaminants from
many kinds of solid substrates such as Si substrates, magnetic head sliders and disks.

FIG. 6a and 6b show a Si substrate before and after laser cleaning according to the present
invention. An excimer laser is used to clean Si substrate in mixture of water and ethanol. The
wavelength of the laser is about 248 nm and the pulse duration is about 23 ns. The laser fluence

30  is about 13.3 J/cm? and puise number is about 100. The laser beam is focused into water surface
and is emitted about 2 mm away from the Si substrate. At original area 360, a fingerprint can be
observed on the Si substrate in FIG. 6a. After laser cleaning according to the present invention,
the fingerprint on Si substrate has been removed from the substrate 380 as shown in FIG. 6b.
Therefore, in one embodiment, the present invent_ion may be used to remove grease and other

35 organic contaminants from solid surfaces.
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\25 mixture was at a distance d = 2mm from a substrate surface and the depth of the focus, D =

’ Omm from the surface of the ethanol and water mixture. It was found that cleaning efficiency for
cleaning a (Si) substrate surface of glass particles of the size of 1um in diameter increases with
an increase in the concentration of ethanol in water. The cleaning efficiency reaches an optimum
when the concentration of ethanol reaches about 30% in water.

30 FIG.10a and 10b show a Si substrate before and after laser cleaning in liquid with a
mixture of water and commercial washing solution according to the present invention. An excimer
laser was used to clean Si substrate in the liquid. The wavelength of the laser is about 248 nm
and the pulse duration is about 23 ns. The laser fluence is about 5.7 Jicm? and pulse number is
about 50. The laser bearn is focused into the liquid surface and is emitted about 2 mm away from

35  the Sisubstrate. At original area 480, a number of 1 um glass particles can be observed on Si
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;)25 duration, distance, d and depth, D were kept constant and the laser fluence set to 10.7J/ cm?.
The frequency is set to 1 Hz. The surface to be cleaned being that of a silicon (Si) substrate
where glass particles of the size of 1 pm in diameter are to be removed. As illustrated in FIG 73,
the cleaning efficiency increases with the pulse number.

In addition, it was also found that cleaning efficiency decreases with an increase of

30  distance, d, between substrate surface and focal point of the laser beam. This is illustrated in
FIG 14, which is a graph illustrating the effect of varying distance in accordance with one
embodiment of the present invention. The laser used is excimer laser at a wavelength of 248
nm and pulse duration of 23 ns at a frequency of 10 Hz. The pulse number at 100 pulses and
laser fluence at 13.5 mJ/cm?® with Si substrate in water where the particie to be cleaned are

35  glass particles of size 1pm in diameter. The depth, D = 0 mm from the water surface.
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remove contaminants on the solid surfaces. Since the laser does not irradiate onto the solid
surfaces, surface damage due to thermal effects induced by laser irradiation in dry and steam

25 laser cleaning can be avoided by the present invention.

Various other embodiments of the invention provide advantages complimentary to those
already described without departing from the spirit or essential characteristics thereof. The
presently disclosed embodiments are, therefore, to be considered in all respects as illustrative
and not restricti\)e, the scope of the invention being indicated by the appended claims and ali

30  changes which come within the meaning and range of equivalency of the claims are, therefore,

to be embraced therein.
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2mm fromthe Si substrate, to clean glass particles of the si %\%alm i 22007
dianeter. As illustrated, 5 the cleaning efficiency decrease.g,' PRy
increase in the depth, D, of the point of focus of the laser fromthe
surface of the water, where all other parameters are kept constant. From
the results shown in FIGs. 12, 13, 14 and 15 , the cleaning efficiency of
the present invention increases with an increase of |aser fluence or pulse
nunber andVeidgiMsases with an increase of distance between substrate
surface and | aser beam focus point or depth below liquid 10 surface. Mny
kinds of |asers such as excinmer |aser and YAG | aser are able to generate a
strong | dser - Afaetbed faricleaningjsetfacasd thetpetkodeerarising:i qui d and can therefore
be used in thegpk §%Bﬁtair1iepwﬁlﬁ‘riﬁtﬁé‘- The present invention can be used to
renove contani nants, especially tiny particles and organic contaninants,
from nany di f f EP@4HiNg @yEYEgcR o kentleaneship the eantainer vilbHiauis: Si substrat e,
magneti ¢ head i I bd @R g, i i i i tionis
pref erably wat ?rd'lgfﬁé JE.IS mr:%tb ﬁﬂrﬁzatg;g&%{defrﬂggﬂlgagfgeeré?as%lté\e/lgﬂdsej,épés]ﬁc g“é’?E

al cohol , #@¥¢.0ne and commerci al washing solution, that help to reduce
adhesi on forcepaa@brmgm WRirf bERBUISK (RE ldset G&HY in dbdd) @Bxifrity HRGuRLdd B! ENCY
can be obtained by adding these solvents into water Iin thé present

i nvent i onbe Fwaﬁﬁmﬁ‘iﬁhythatttg% laseeisgreed linpidhiet and sheclawave alean densuriager ovenent
over ¢gy and steam | aser cleaning. Focusing a high powered | aser beaminto
a liquid creates bubbles in the liquid. As the 20 bubbles nove towards a
sol i d surBace fbe pethadassadingdo slaak, whewein kubllasara pevergtediabeutibepaint of
bubbl e cobt RegEofandia@ehhetdh HAREHyliaaui d jet is formed during bubble

col l apse due to bubble and surface boundary interaction. The |aser-induced
hi gh-speed liquid jet and shock wave effectively renpbve contam nants on
the sol i dzsurf g6&methddtcBolditR) tbR&MAN 20AREreftOhe IdsbRObAh & RBEQ 'R 808utd
surfaces, surface danmage due'to thernmal effects 1 nduced by | aser

i rradi@ti 8Ad mm taphoy 1@ am Eamthesufagger cl eani ng can be avoi ded by the
present invention. Various other enbodi nents of the invention provide
advant ages conplinmentary to those already described w thout departing from

the spirif or &8emgthodacenrsingde slaig B waereldthe dubblameollappe fxgrneyatethec| osed

enbodi menfiquidfetand SIKRMWAE forl GedngCatiine defRd. in all respects as
illustrative " and not restrictive,” the scope of the invention being

i ndi cated by the appended clains and all 30 changes which conme within the

meani g apd I angemathcAeARNS Kisih 1t WRerelrAthBTasBF Bearh N8BS &I durdiBn i
enbraced therein. tt 26 Januar 07 claim 1. A nmethod for cleaning

20
sur f aces, therangefhlornesagandde ﬂé@ MigrPF¢GoRgs-a contai ner with Iiquid;

6. The method according to claim 1, wherein the laser beam is one of a group
consisting a YAG laser, an excimer laser and CO; laser.

25 '
7. The method according to claim 6, wherein the laser beam has a laser fluence in
the range of 0.5 J/cm? to 100 J/om?.

8. The method according to claim 6, wherein the laser beam has a frequency in the
30 range of 1 Hz to 10 kHz.

9. The method according to claim 6 wherein the laser beam has a pulse number
which range from 1 to 10000 for cleaning a same position.

33 10. The method according to claim 6, wherein the laser beam has a wavelength in the
range of 157 nm to 10.6 pm.

12



5 securing a surface to be cleaned in the container with liq foc g a
| aser beamat a point in the liquid to generate a liquid jet 5@?{8 ‘éargt@lgg
wave; positioning the point of focus of the |aser beamin close proximty
to the surface to be cleaned such that the |laser-induced liquid jet and
shock wave clean the surface. 10 2. The nethod according to claim1,

wher ei n bubbl es are generated about the point of focus of the | aser beam
in the |iddi d. The mafrodaachetingliectainiifgrives comariaing blontirg stray ligkid speayeandoeam

i's focusednj g)lﬁé@@gHédSl},%cg 1 mmto about 10 cmfromthe surface. 4. The
met hod according to claim3, wherein the bubbles collapse to generate the
liquid jet and shock wave for cleaning at the surface. 20 5. The net hod

accordi ng1po cfi mbﬁaod%@areana t6 Bigind #8%th SPE%M% fiﬁeu@r\ﬂnﬁ‘%t éi'é‘ii%rh% m{] big.t he

range of 1 nanosecond to m crosecon The according to claim
1, whePein the |aser beam | s one of a group consisting a YAG | aser, an

exci mer | ager #REnfetiod éb%Sdegzlé c?alm-ﬁhﬁ/hgt%frhé’gtag r?r‘ablagd i cn‘E@ 6, wherein

the | aser beam has a laser fl'uence in the ran to 100 J/cnR.
8. The nef¥WRfeaccor di ng to claim®6, wherein the | aser beam has a frequency
inthe 30 range of 1 Hz to 10 kHz. 9. The nethod according to claim®6

wherein the | aser beam has a pul se nunber which range from1l to 10000 for
cl eani ng a%santheBgthadgecorgingtg claind 3nwhereir the surfanerty beslegnad asbe wher ei n

the | aser rpeainiddndoidY lelRfid in the range of 157 nmto 10.6 pm 12 26
January 2007 11. The nethod according to claim 1 further conprising

blowing stray liquid spray and drying the cleaned surface. 12. The nethod

accordi ng16.0 CirRd MethddceBRiing8 ERlirh S 8Swhdrbinghd eerf&%rédn%%ﬁ&emmhﬁme' hquid.

5 13. The_nethod according to claim3, wherein a stage I s provided to
secure t hlUidyrf ace.

15 16.  The method of claim 13, wherein the stage can move the surface in a horizontal
direction in the liquid.

17. The method of claim 13, wherein the stage can move the surface in a vertical
direction in the liquid.

20
18. The method of claim 16 wherein the stage can move the surface in vertical

direction.

19.  The method according to claim 11, wherein a gas blower is provided for blowing
25  stray liquid spray and drying the cleaned surface.

20.  The method according to claim 1, wherein the liquid reduces adhesion forces of
particles on the surface to be cleaned and enhance cleaning efficiency.

30 21, The method according to claim 20, wherein the liquid is pure water.

22. The method according to claim 20, wherein the liquid is a mixture of water and a
solvent.

35 23 The method according to claim 22, wherein the solvent is one of a group

13



14. The method according to claim 13, wherein the surface to g%.cleaqgﬂ can
be 10 noved into and out of the liquid. 15. The nethod acco? iﬁﬂ“?g' gim
13, wherein the surface can be noved within the liquid. 15 16. The net hod
of claim 13, wherein the stage can nove the surface in a horizontal

direction in the liquid. 17. The nethod of claim 13, wherein the stage can
nove the surface in a vertical directionin the liquid. 20 18. The net hod

of clai m tensifivpaigohplsearomages. eiersetonepcalianes didogenatediydwgarbons pedt i on.
19. The nBbhRR-ASGRHINGSoffios! @l m 11, wherein a gas blower is provided for
blowing 25 stray liquid spray and drying the cl eaned surface. 20. The

nmet hod according to claim1l, wherein the liquid reduces adhesion forces of
particles on the surface to be cl eaned and enhance cl eaning efficiency. 30
21. The nmethod according to claim 20, wherein the liquid is pure water. 22.
The met hod according to claim 20, wherein the liquid is a mxture of water
and a solvent. 35 23. The nethod according to claim 22, wherein the
solvent is one of a group 13 26 January 2007 consisting al cohols,
aromatics, ethers, ketones, al kanes, hal ogenated hydrocarbons and
commer ci al washing solution. 14

14



